ABSTRACT Background: Alcohol consumption is heritable, but genetic susceptibility to drinking behavior has not been investigated widely in genome-wide association studies. Objective: We aimed to identify susceptibility loci for drinking behavior (drinkers compared with nondrinkers) in Han Chinese. Design: We performed 2 genome-wide association studies including 1420 drinkers and 3590 nondrinkers in discovery, followed by a de novo replication analysis comprising 4896 drinkers and 13,293 nondrinkers. DNA samples of the subjects were collected for genotyping. Results: The association results of drinking behavior (drinkers or nondrinkers) showed a cluster of single nucleotide polymorphisms at 12q24 in discovery (P , 5 3 10 28 ), with the strongest association for rs11066280 near C12orf51 (P-combined = 3.26 3 10 2215 ).
INTRODUCTION
The harmful use of alcohol results in w2.5 million deaths worldwide each year (1) , and alcohol consumption has been identified as an avoidable risk factor for chronic disease and injury, especially in middle-income countries (1, 2) . In China, there has been a rapid increase in the consumption of alcohol, and the overall prevalence of current drinking was recently reported to be 35.7% in adults aged 15-69 y (3) .
Although alcohol drinking can be largely influenced by nongenetic factors, such as occupation, religion, and familial environment, there is also an important genetic component in population variance of alcohol consumption, with a heritability of w50% (4). Previous findings from candidate-gene approaches suggested that many genes may play a role in alcohol drinking and in alcohol dependence (5) (6) (7) . In contrast with alcohol dependence, which has been investigated in several genome-wide association studies (GWASs) 4 to identify genetic loci (8) (9) (10) (11) , genetic susceptibility to alcohol consumption in general populations has not been explored widely. Recently, a GWAS in male Korean drinkers identified loci at 12q24 related to daily alcohol intake (12) , whereas another GWAS in Japanese confirmed ALDH2 at 12q24 for drinking behavior (drinkers or nondrinkers) (13) . In European ancestry, AUTS2 at 7q11 was newly identified with daily alcohol intake (14) . However, environmental factors such as lifestyles vary across different population groups, and genetic heterogeneity may influence the susceptibility of alcohol drinking; thus, GWASs conducted in different ethnic groups will improve our understanding of genetic mechanism of drinking behavior. Here, we performed a 2-stage GWAS to identify genetic loci for drinking behavior in Han Chinese drinkers and nondrinkers, which was followed by an examination of genetic association with daily alcohol intake among drinkers.
SUBJECTS AND METHODS

Study populations
In the discovery stage, a meta-analysis of 2 independent GWASs was conducted in Han Chinese populations. The GWAS 1 screening genetic association with drinking behavior consisted of 3990 subjects (993 drinkers and 2997 nondrinkers), who were from the International Collaborative Study of Cardiovascular Disease in Asia (InterASIA in China) as previously reported (15) . The GWAS 2 involved 1020 individuals (427 drinkers and 593 nondrinkers), who were randomly selected from a communitybased survey in Beijing, China (16) . All the participants aged 35-74 y completed an interview-based questionnaire that assessed demographic information, medical histories, and lifestyle behaviors, including current alcohol intake and cigarette smoking. The subjects were judged to be free of coronary artery disease by medical histories, clinical examinations, and Rose questionnaire (17) . Subjects with renal or hepatic diseases were also excluded. In the replication stage, 18,189 subjects (4896 drinkers and 13,293 nondrinkers) were selected from the China Cardiovascular Health Study project, which was a population-based investigation of risk factors for cardiovascular diseases in China. Briefly, the data (anthropometric measures, blood pressure, and other risk factors based on questionnaires and blood samples) were collected through in-person interviews and examinations including. The subjects with coronary artery disease, renal disease, or hepatic disease were excluded.
This study was conducted according to the principles expressed in the Declaration of Helsinki. All participants gave written informed consent, and the study was approved by the institutional review boards of Fuwai Hospital, Chinese Academy of Medical Sciences, and Peking Union Medical College.
Phenotypes and alcohol consumption
In this study, 2 phenotypes were used: drinking behavior and daily alcohol intake. Drinking behavior was defined as drinkers or nondrinkers, which was assessed on the basis of the intervieweradministered lifestyle questionnaire (18) . Briefly, participants were asked whether they drank $12 drinks in the previous year, and individuals who gave a positive answer were defined as drinkers, whereas those who gave a negative answer were nondrinkers. For the measurement of daily alcohol intake as a quantitative trait, drinkers were asked to specify the types (beer, liquor, wine, and rice wine) and quantities of alcohol consumed, including the number of months, the number of times per month, and the amount per time they consumed each type of alcohol in the previous year. To obtain the actual grams of daily alcohol intake from beer, liquor, wine, or rice wine, the corresponding amount of each type of alcohol per day was multiplied by the average alcohol content of each product, according to the Chinese Food Composition table (beer, 3.4%; wine, 9.3%; rice wine, 13.4%; liquor, 44.4%) (19) .
Genotyping and quality control
Genomic DNA was extracted from peripheral blood leukocytes by using standard procedures. In the discovery stage, genotyping and quality-control criteria were described elsewhere (20) . For GWAS 1, genotyping was performed by using the Axiom Genome-Wide CHB 1 Array Plate; 3990 samples and 613,724 autosomal single nucleotide polymorphisms (SNPs) were retained for subsequent association analyses. For GWAS 2, genotyping was performed by using the Affymetrix GeneChip Human Mapping 500K Array Set. After the same quality-control procedures were used, 1020 samples and 367,129 autosomal SNPs remained for the subsequent association analyses.
In the replication stage, rs11066280 was chosen for genotyping with the iPLEX MassARRAY platform (Sequenom). To assess genotyping reproducibility, 380 duplicate samples were genotyped, and the concordance rate was 99.7%.
Genotype imputation
Genotypes were imputed for SNPs that were not presented in the genome-wide arrays or when genotyping had failed to meet the quality-control criteria. Imputation of allele dosage of missing-genotype SNPs was carried out by using Markov Chain Haplotyping software (MaCH; 21) with haplotype reference panels from the phased Han Chinese in Beijing, China (CHB), and Japanese in Tokyo, Japan (JPT), HapMap (release 22) reference data set (22) . After exclusion of imputed SNPs with low quality scores (Rsq ,0.3), call rate ,0.90, minor allele frequency ,0.01, and Hardy-Weinberg equilibrium P , 1 3 10
25
, a total of w2.2 million autosomal SNPs remained for subsequent analysis.
Statistical analysis
A quantile-quantile plot generated by using R software was used to evaluate the overall significance of the GWAS results and the potential effect of population stratification. The genomic inflation factor (l) was estimated from the median of the chisquare statistic divided by 0.456 (23) .
For a qualitative trait, SNPs were tested for the association with drinking behavior (drinkers compared with nondrinkers) in each GWAS panel and replication panel by using logistic regression analyses after adjustment for age, sex, and smoking status. For a quantitative trait, the average daily alcohol intake was transformed by the natural logarithm, and then multivariate linear regression analyses were conducted with adjustment for age, sex, and smoking status. All the association tests were performed by using PLINK v1.07 (24) . A fixed-effect model with inverse variance weighting by METAL software (25) was used to perform the meta-analysis of association results from the 2 GWAS in discovery and those in replication stage.
A conditional analysis was performed to test the independence of significant SNPs in the region of 12q24 conditioning on rs11066280. The analysis was carried out by using PLINK with the -logistic and -condition options.
RESULTS
The characteristics of the participants are summarized in Table 1 . In the discovery stage, we performed a meta-analysis of 2 GWAS of drinking behavior with w2.2 million imputed and genotyped SNPs, consisting of a total of 1420 drinkers and 3590 nondrinkers. The value of the genomic inflation factor was 1.022 for the discovery meta-analysis, which indicated that population stratification effects were negligible in our study samples.
The Manhattan plot of initial meta-analysis for drinking behavior illustrated that there was a prominent cluster of SNPs at 12q24 over the genome-wide significance level (P , 5 3 10
28
), whereas none of SNPs in other chromosomes reached the significance level ( Figure 1 ). Furthermore, a quantile-quantile plot of the observed P values showed a clear deviation at the tail of the distribution from the expected distribution under the null hypothesis of no association. After exclusion of 493 SNPs within the region of 12q24 that were associated with drinking behavior at P , 0.05, the distribution of observed P values only slightly deviated from those expected in the extreme tail (see Supplemental Figure 1 under "Supplemental data" in the online issue), which suggested that the observed results probably reflected a true genetic association, and additional drinking-related loci remained to be uncovered in the Chinese population.
A total of 279 SNPs that all clustered at 12q24 showed significant associations with drinking behavior (P values from 4.33 3 10
28 to 1.95 3 10
247
), and rs11066280 near C12orf51 was identified as the strongest signal of association (OR: 0.28; P = 1.95 3 10 247 ) ( Table 2) . Table 1 under "Supplemental data" in the online issue). For instance, the ALDH2 gene encodes the enzyme in alcohol metabolism, and rs671 in ALDH2 was associated with drinking behavior (OR: 0.26; P = 5.17 3 10 235 ). In linkage disequilibrium (LD) analysis, these SNPs were almost in perfect LD with the proxy SNP rs11066280 (r 2 = 0.95w1.00; see Supplemental Table 2 and Supplemental Figure 2 under "Supplemental data" in the online issue). Furthermore, to test the independence of these SNPs for the association with drinking behavior, we conducted association analyses conditioning on the genetic effect of rs11066280. As a result, most of the other association signals on 12q24 were abolished or the strength of association became substantially diminished after conditional analysis (P . 0.005), which indicated that these associations were not independent of rs11066280 ( Figure 2) ; rs11066280 is located to the 74 kb upstream of C12orf51, and the function of C12orf51 has not been elucidated.
We further validated the association between rs11066280 and drinking behavior in an independent population for replication, and the association remained significant (OR: 0.31; P = 5.01 3 10 2170 ). When we combined the results of the discovery and replication stages, the evidence of C12orf51 associated with drinking behavior became much stronger (OR: 0.30; P = 3.26 3 10 2215 ) ( Table 2 ). In addition, to examine whether the association was consistent for sex, we divided the combined population into a male population (6074 drinkers and 7390 nondrinkers) and a female population (242 drinkers and 9493 nondrinkers). The association between rs11066280 and drinking behavior remained significant in the male subjects (P = 3.05 3 10
2210
). Although the sample size of female drinkers was small, so that it was difficult to detect the association because of insufficient power, rs11066280 showed nearly genome-wide significant association with drinking behavior (P = 2.61 3 10 27 ). Moreover, the marker had similar effects in the same direction for the male and female populations (OR: 0.30 in male subjects; OR: 0.43 in female subjects; Table 2 ), which suggests that rs11066280 near C12orf51 might be the genetic locus for drinking behavior in both men and women.
To verify the genetic effects of rs11066280 on daily alcohol intake, we performed association analyses with the amount of alcohol intake per day among drinkers only. As the minor allele dosage increased (A-allele for rs11066280), a clear decrease in daily alcohol intake was observed in discovery and was successfully validated in replication. The effect sizes were consistent in the same direction, and P values were 1.10 3 10 25 in discovery, 7.80 3 10 217 in replication, and 4.01 3 10 221 in combined data ( Table 3) . These results strengthened the evidence of the susceptibility locus at 12q24 for drinking behavior in the Chinese population.
DISCUSSION
The current study was the first GWAS published to date in the Han Chinese population to investigate genetic susceptibility to alcohol consumption; the study consisted of 5010 individuals in the GWAS scan with replication in an additional 18,189 individuals. The significant signal at 12q24 was observed in the discovery stage, and rs11066280 near C12orf51 was successfully replicated for drinking behavior and daily alcohol intake in an independent population.
A recent GWAS in Korean men, involving a total of 2834 drinkers, reported 8 SNPs in or near C12orf51, CCDC63, and MYL2 at 12q24 that highly associated with daily alcohol intake, and rs11066280 was one of these SNPs (P , 9.34 3 10 254 ) (12) . We checked all of the reported 8 SNPs in our discovery data for both drinking behavior (including drinkers and nondrinkers) and daily alcohol intake (among drinkers only) (see Supplemental Table 3 under "Supplemental data" in the online issue). Besides the associations with alcohol intake supported by our GWAS analysis (P , 0.05), we provided new highly significant evidence of associations with drinking behavior at the 8 SNPs (P = 1.01 3 10 24 w 1.95 3 10
247
). The GWAS in the Korean population mentioned that SNPs in CCDC63 and MYL2
TABLE 2
The association of rs11066280 at 12q24 with drinking behavior Based on all samples in discovery. 4 Represents the risk of alcohol consumption associated with each copy of the minor allele.
were in a different LD block far from the region of C12orf51. Nevertheless, after conditional analysis of rs11066280, the associations for drinking behavior were obviously attenuated at the rest of 7 SNPs, which showed low or moderate LD with rs11066280 (r 2 = 0.25w0.58) in our discovery data (see Supplemental Table 4 under "Supplemental data" in the online issue). It suggested that SNPs in or near CCDC63 and MYL2 were not totally independent of rs11066280 in the Chinese population.
In addition, one GWAS performed in the Japanese population confirmed ALDH2 as a major locus regulating drinking behavior (13) , and rs671 in the ALDH2 gene showed the strongest association between 4780 drinkers and 1940 nondrinkers in their joint analysis (OR: 0.16; P = 3.6 3 10
2211
). The 504lys (A) allele of rs671 has been known to be a functional variant in ALDH2, lysine at codon position 504 instead of glutamic acid, leading to a catalytically inactive isozyme of aldehyde dehydrogenase (26, 27) . Individuals homozygous for the A allele have a distinctly reduced capacity to clear acetaldehyde and show facial flushing and experience nausea after alcohol consumption (27) . In our discovery data, we observed that rs671 was associated with drinking behavior (see Supplemental Table  1 under "Supplemental data" in the online issue) and was suggestively associated with daily alcohol intake (P = 6.37 3 10 23 ); rs11066280 near C12orf51 and rs671 in ALDH2 was in high LD with the pairwise r 2 = 0.95, which suggests that the signal at 12q24 might originate from the region of ALDH2. However, considering the complexity of biomechanisms in regulating drinking behavior, we could not exclude the possibility that C12orf51 might influence drinking behavior through other mechanisms independent of the acetaldehyde metabolism pathway. Further fine mapping and functional analyses are necessary to investigate the causal variant in the region of 12q24. In European populations, there were few variants associated with alcohol consumption approaching the genome-wide significance (28) . A large-scale meta-analysis (of .47,000 individuals of European ancestry) identified the SNP rs6943555 in AUTS2 to be associated with alcohol consumption (daily alcohol intake; P = 4.1 3 10 29 ) (14) . Unfortunately, we could not validate the association of rs6943555 for drinking behavior including drinkers and nondrinkers (P = 0.27) nor for daily alcohol intake only among drinkers (P = 0.33). The minor allele frequency of rs6943555 was a little higher in our discovery samples (0.38) than that reported in Europeans (0.24), whereas the common variant rs11066280 associated with drinking behavior in Chinese was monomorphic in European ancestry, according to the HapMap CEU data. These disparities in GWAS findings suggest that genetic heterogeneity in drinking behavior might exist between European and Chinese populations.
In conclusion, the current GWAS identified SNPs at 12q24 as a signal of genetic susceptibility for drinking behavior in a Han Chinese population and suggested that the causal genetic variants associated with alcohol consumption may be located in the region of 12q24 in East Asians. Further large-scale metaanalyses of GWAS for alcohol consumption will have opportunities to find susceptibility loci with small to modest effect in East Asians and other ethnics. The more comprehensive understanding of genetic mechanism of alcohol drinking will be helpful in individualized prevention and control of alcohol-associated diseases worldwide. Information is based on National Center for Biotechnology Information genome build 36.
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The effect size on daily alcohol intake (natural log transformed) per minor allele. 4 Values are medians (25th percentile, 75th percentile).
